Aim & background: Phlorotannins are a family of polyphloroglucinols with numerous biological activities including anticancer, antimalarial and antioxidant. They are highly sought for utilization in food ingredients, animal feeds, fertilizers and medicines. This work reports the isolation, from brown algae, of four phlorotannin derivatives namely phloroglucinol (1), eckol (2), 7-phloroeckol (3) and 2-phloroeckol (4). Their radical scavenging activity was assayed to elucidate their capacity to scavenge free radical species. Their structural and electronic features were then compared across structures to provide an explanation for the differences in their radical scavenging properties. Moreover, the two main radical scavenging mechanisms, namely hydrogen atom transfer (HAT) and electron transfer (ET), were checked to determine the preferred mode of radical scavenging. Methods: Polyphenols were determined spectrophotometrically according to the FolineCiocalteu colorimetric methods and the antioxidant assays were determined by means of ORAC assay and the Trolox equivalent antioxidant capacity (TEAC) assay. Theoretical studies were performed by means of the Density Functional Theory (DFT) method. Results: Theoretical predictions indicate that the radical scavenging activities follow the order 1 < 2 < 4 < 3. Theoretical study also indicates that ET mechanism could be more significant than HAT mechanism because of the high BDE values. Conclusion: Overall, the results suggest that the position of substitution of phloroglucinol unit on eckol (2) plays a significant role in determining the radical scavenging ability of the resulting eckol derivatives.
Introduction
Phloroglucinols are polyphenolic derivatives, many of which are found in nature in different environments including plants, 1 marine organisms, 2À6 and some bacteria species. 7 They exhibit various biological activities such as anticancer, 8À13 antiprotozoal, 1,14À16 antimicrobial 17À20 and antioxidant. 2À6,21 Because of their promising biological activities, they are increasingly investigated for their potential utilization in food, cosmetic and pharmaceutical applications for the design of dietary supplements and useful pharmacological drugs. Among phloroglucinol derivatives investigated for their dietary utilization are phlorotannins. Phlorotannins are found abundantly in marine brown algae species such as Ecklonia cava. Brown algae are found abundantly in East Asian countries where they are utilized as ingredients in food, animal feeds, fertilizers and medicines. 22 Recently, however, different marine brown algae species have been discovered worldwide and are increasingly investigated for their human beneficial bioactivity components, such as phlorotannins. One of the human beneficial effects of phlorotannins is that they are natural antioxidants À they have the ability protect the human body from cellular or molecular damage by reactive oxygen species including superoxide anion radical, hydroxyl radical (HO ) and alkyl radical (ROO ) free radicals. Free radical species have the potential to cause oxidative damage to almost all major groups of biological macromolecules (e.g., DNA), and have shown to lead to a number of degenerative diseases such as cardiovascular diseases, gastrointestinal degeneration diseases and cancer. 23, 24 Therefore, the search for natural antioxidant poses an interesting area of study because of the potential beneficial effects on human health. 25e28 The current study investigates the antioxidant radical scavenging activity of phlorotannin derivatives isolated from brown algae species, Ecklonia maxima, found on the Western Cape region of South Africa. E. maxima is considered a member of Ecklonia species and contains a variety of compounds, including carotenoids, fucoidans, and phloroglucinol derivatives, that play diverse biological and ecological roles. Ecklonia species are increasing utilized for therapeutic applications as they exhibit antioxidant and anti-inflammatory activities, 29 radical scavenging activity, 30, 31 anticancer, 32 antibacterial activity 33 and HIV-1 reverse transcriptase activity. 34, 35 The objectives of the study include the isolation and characterisation of the different phloroglucinol derivatives from the E. maxima EtOAc fraction, assaying the antioxidant activity of the isolated phlorotannins (using the Oxygen radical absorption capacity (ORAC) and 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS))) and utilizing theoretical methods to explain the differences in the antioxidant radical scavenging properties of the isolated phloroglucinol derivatives. Although there have been various experimental studies on the antioxidant activities of marine organisms, such as fungi and brown algae, there is scarce theoretical studies detailing the structural and electronic properties of antioxidants from marine organisms. 36 Moreover, although some of the phlorotannins isolated from E. maxima (see Fig. 1 ) have previously been isolated from other species of brown algae, 4,37 the theoretical study reported in this work forms the first attempt to explain the effects of structural and electronic features on their antioxidant activity and provides a tentative explanation for their possible mechanism of action as radical scavengers. The antioxidant radical scavenging activity is mainly governed by the hydrogen atom transfer (HAT) and electron transfer mechanism. 38e41 In the HAT mechanism, the antiradical property of phenol derivatives (ArOH) is related to their ability to transfer their phenolic H-atom to a free radical. The H-atom abstraction is described by the reaction:
The termination of further chain reactions depends strongly on the stability of the ArO radical species formed. This means that factors enhancing the stability of the ArO radical increase the antiradical activity. The ability of phenolic antioxidants to donate a hydrogen atom is mainly governed by the homolytic OeH bond dissociation enthalpy (BDE):
where H r is the enthalpy of the radical generated by H abstraction, H h is the enthalpy of the H atom, and H p is the enthalpy of parent compound. A low OeH BDE value, usually associated with greater ability to donate the H atom, corresponds to high radical scavenging ability by the phenolic compound. The ET mechanism is governed by the capacity of the studied compound to transfer an electron and is better described in terms of the ionization potential (IP).
The stability of the radical cation is better described by the IP value; the lower the IP, the easier is the electron abstraction.
Materials and methods

Chemicals and reagents
Methanol, Folin Reagent, Sodium Carbonate, Gallic acid standard were purchased from SigmaeAldrich Chemical Company, South Africa. Trolox Ò (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), sodium bisulphite and formic acid were purchased from Fluka Chemicals (South Africa). Phosphate buffer, Fluorescein sodium salt, AAPH (2,2 0 -Azobis (2-methylpropionamidine) dihydrochloride), Sodium acetate buffer, TPTZ (2,4,6-tri[2-pyridyl]-s-triazine), L-Ascorbic acid were purchased from SigmaeAldrich, South Africa.
Plant materials
The brown seaweeds were collected from the rocky reefs off the coast of the western part of the Western Province, South Africa (between January and May 2011). The collected materials were then freeze-dried, pulverized and deposited in the laboratory.
Preparation of methanolic/ethanolic extracts and fractions
The freeze-dried pulverized material of E. maxima (300 g) was extracted three times with 80% MeOH and then filtered. The filtrate Fig. 1 . Structures of the phloroglucinol derivatives isolated from the brown algae, Ecklonia maxima, and the atom numbering utilized throughout the study. The OH atoms are numbered with the same number as the C atom to which they are attached.
was evaporated at 40 C to obtain the methanol extract. The extract was then suspended on distilled water, and partitioned with hexane, dichloromethane and ethyl acetate. The EtOAc fraction (5.0 g) that contained most of the active principles was subjected to chromatography on a silica gel column, with 500 ml volumes of EtOAc: methanol (10:1e5:5) as eluent, yielding 10 sub-fractions (E01eE10).
Quantification of total phenolic contents
Polyphenols were determined spectrophotometrically according to the FolineCiocalteu colorimetric method, 46 calibrating against Gallic acid standards and expressing the results as GAE with slight modifications. 25 ml of the extracts and isolates were taken for the experiment in triplicate. To this volume, 125 ml of diluted FolineCiocalteau reagent was added. After 5 min, 100 ml of 20% Na 2 CO 3 was added and left for 2 h at room temperature before taking reading measured at 650 nm. A standard graph was plotted using Gallic acid. Data presented in Table 1 , on the total phenolic content, are average of three measurements.
Isolation of individual phenolic compounds
The phlorotannins were isolated by partitioned extraction process and developed based on solvents of increasing polarity. The isolated phloroglucinol derivatives are shown in Fig. 1 . Phloroglucinol (1) (25 mg) was purified from fraction E001 (50 mg) by high performance liquid chromatography (HPLC) using an Agilent HPLC system equipped with two pumps, degasser, auto-sampler, and a controller. The temperature of the column was set at 30 C.
The column consisted of a C18, (150 Â 4.5 mm, 5 mm) with mobile phase A consisting of water/formic acid (100:0.1) and mobile phase B consisting of acetonitrile/formic acid (100:0.1). The chromatographic flow rate was set to 0.70 ml/min and maintained at 82:18 ratios respectively. Another HPLC of fraction E008 (200 mg), using identical solvent conditions, lead to the isolation of eckol (2) (20 mg), 7-phloroecckol (3) (20 mg) and 2-phloroeckol (4) (15 mg). These compounds were isolated from E. maxima for the first time.
2.6. Free radical scavenging activity 2.6.1. ORAC assay
The antioxidant capacity of the polyphenols based on hydrogen atom transfer reaction was assayed using 2,2 0 -Azobis (2-methylpropionamidine) dihydrochloride (AAPH) as peroxyl radicals source and fluorescein as a molecular probe. To the Trolox Ò standard wells, 12 ml of the standard were added per well in the designated 96-microwell black opaque plate. A similar amount of the Trolox Ò control phosphate buffer (12 ml) was added into the control wells. 12 ml of each of the nine samples supernatant was added in triplicate to wells. This was followed by adding fluorescein stock solution using a multichannel pipette into each well then a transfer of 50 ml of AAPH solution to each well. Finally, the 96-microwell plate was inserted into the fluorometer and the readings taken. Fluorescein consumption was evaluated from the decrease in the sample fluorescence intensity (excitation 485 nm, emission 530 nm) using a time base scan program. The fluorescence was then monitored kinetically with data taken every minute. The ORAC values were calculated using a regression equation
Ò concentration (Y) (mM) and the net area under the fluorescence decay curve (X). Data was expressed as micromoles of Trolox Ò equivalents (TE) per milligram of sample (mmole Trolox Ò /mg of sample). Trolox Ò in the experiment was used as a control sample.
ABTS radical cation scavenging
The reduction of the radical cation of ABTS by antioxidants was measured utilizing the Trolox equivalent antioxidant capacity (TEAC) assay. To the Trolox standard wells, 25 ml of the standard per well was added to each of the designated wells in a clear 96-well plate. Then a control solution (Trolox in ethanol) was added to each of the control wells. Sample wells were filled with 25 ml of the sample and in triplicate to the wells. Diluted ABTS mix was then added to each of the wells using a multichannel pipette. The 96-well plate was kept for 30 min at room temperature before taking a reading. The TEAC readings were taken at 734 nm on the Multiscale spectrum plate reader. Inhibition of the sample was calculated by the following equation:
A 0 expresses the absorbance of control; A 1 expresses the absorbance of the tested seaweed extract.
The ABTS radical anion scavenging assay was expressed as Trolox Ò equivalent antioxidant capacity (TEAC) and defined as mmole of Trolox Ò equivalents per 1 g of sample (mmole Trolox Ò /g of sample).
Statistical analysis
All the measurements were made in triplicate and all values were represented as the mean standard deviation (SD) values of three experiments. The means were statistically analysed using Student's t-test and processed with the SPSS program (Version 16). Values of p < 0.05 were considered statistically significant.
Computational methods
Fully relaxed geometry optimisations of the neutral and the radical species were performed utilizing DFT/B3LYP and DFT/ UB3LYP methods respectively, where B3LYP is the Becke's Three Parameter Hybrid Functional using the LeeeYangeParr correlation functional. 47 Calculations were performed with the 6-31 þ G* basis sets to take into consideration the effects of hydrogen bonding. The <S 2 > values, calculated for all radical species, has a 0.77À0.79 range, which is close to the value of 0.75 (corresponding to the pure doublet wave function). Therefore, the results of the calculations are less affected by spin contamination. Frequency calculations were performed on fully optimised conformers to determine the nature of the stationary points and to obtain thermochemical quantities necessary for the estimation of BDE and IP values. The estimation of the OeH BDE values in the presence of a solvent was done by using the total free solvation energies of the neutral and the radical species, as suggested elsewhere. 45 Solvent effects on geometries and relative conformational stabilities have been taken into consideration using the polarizable continuum 
Antioxidant radical scavenging activity
The antioxidant capacity (AAPH and ABTS) is reported in Pure phlorotannins displayed a much higher total antioxidant capacity than the crude extracts; attributed to interferences from other substances within the crude samples. Interestingly enough, 3
and 4 have the same number of monomers and equal molecular masses but exhibit different radical scavenging capability. With both ORAC and ABTS, 3 have much higher radical scavenging activity than 4.
Conformation and radical stability
The B3LYP/6-31 þ G (d) optimised geometries, corresponding to the lowest-energy conformer of each of the isolated phloroglucinol derivatives, are shown in Fig. 2 . Studies on isolated phloroglucinol moiety have established that it has two conformations, one in which all the phenolic OH groups are oriented in the same way (uniform orientation, PG-1) and the other in which two of the phenolic OH groups are oriented towards each other (non-uniform orientation, PG-2). The conformation with uniform orientation of the phenolic OH has lower energy than the conformation with nonuniform orientation of the OH groups. 52 The lowest-energy conformers of structures 2, 3 and 4 correspond to geometries in which the number of intramolecular hydrogen bonds (IHB) is maximized. systems of the aromatic ring B, C and E respectively). The C 10a ÀC 1 ÀO 1 ÀC 1 0 torsion angle is À71.6 from the plane of ring B and the C 6 ÀC 7 ÀO 7 ÀC 1 00 torsion angle is 2.6 from the plane of ring A.
The lowest-energy conformer of structure 4 can form a maximum of four OeH/O IHB (H 9 /O 10a , H 4 /O 4a , H 2 00 /O 2 and H 6 00 /O 2 ) and three unconventional IHB namely C 3 eH 3 /p E , C 2 0 e H 2 0 /p B and O 6 00 eH 6 00 /p C (where p B , p C and p E refers to the p systems of the aromatic ring B, C and E respectively) . The C 10a ÀC 1 ÀO 1 ÀC 1 0 torsion angle is À84.8 from the plane of ring B and the C 3 ÀC 2 ÀO 2 ÀC 1 00 torsion angle is À107.6 from the plane of ring B, suggesting that ring C is inclined towards ring E. The geometric constrictions imposed by the different IHB accounts for the stability of 3 and 4. For instance, it is noted that the unconventional intramolecular hydrogen bonds involving two aromatic rings (e.g., C 3 eH 3 /p E and C 2 0 eH 2 0 /p B ) impose a perpendicular arrangement of the benzene rings (e.g., the C 7 eO 7 eC 1 00 eC 2 00 torsion angle in 3 is Structures 3 and 4 are structural isomers and a comparison of the lowest-energy conformer of 3 and 4 indicates that 3 is 2.365 kcal/mol lower than 4. The preference of structure 3 (%pop-ulation of 98.2) to structure 4 (%population of 1.8%) may be related to the fact that 3 can form an additional OeH/O IHB with respect to 4, resulting in a five-member ring. IHB are known to determine conformational preferences and also to influence biological activities. The optimised neutral radical species, necessary to study reaction enthalpies related to the HAT mechanism, were generated from the lowest-energy conformer of each of the studied compounds and are shown in Fig. 3 . The total spin density distribution for each neutral radical species is shown in Fig. 4 and the relative energies of the neutral radical species are reported in Table 3 . The C 3h symmetry nature of the lowest-energy conformer of phloroglucinol suggests that only one radical species is generated by the H atom abstraction from each OH group. The H atom abstraction from each OH group present in 2 gives rise to six different radical species. The 2-O 2 , 2-O 4 and 2-O 9 radical species are formed by the removal of the IHB and are consequently less stable with respect to 2-O 7 radical species, which is formed from free OH group (i.e., an OH group not engaged in IHB). However, 2-O 2 , 2-O 4 and 2-O 9 radical species are more stable than the 2-O 3 0 and 2-O 5 0 radical species mainly because the unpaired electron in 2-O 2 , 2-O 4 and 2-O 9 radical species is delocalized beyond the ring on which the H atom is removed while in 2-O 3 0 and 2-O 5 0 radical species the unpaired electron is distributed only on the ring with radicalized O atom. This means that the radical species of 2 are stabilised by the presence of IHB and the extent of delocalization of the unpaired electron; depending on the nature of the radical species formed, one of these factors might outweigh the others in contributing to the stabilisation of the radical species.
The abstraction of the H atom from each phenolic OH in 3 gives eight different radical species that are stabilised by a number of geometric and electronic factors including IHB, delocalization of the unpaired electron and steric effects. The relative energy trend varies in different media, which suggests that different radical species, for a given structure, are stabilised differently by the solvent; for structure 2, the most stable radical species in vacuo and in chloroform is the 2-O 7 and in water solution the most stable radical species is 2-O 9 ; the lowest energy radical species for structure 3 is 3-O 4 in all the media; the lowest energy radical species for structure 4 is 4-O 7 in vacuo and in chloroform and 4-O 4 in water solution.
The DE iso values
The stabilisation energy (DE iso ) is one of the parameters used to predict the ability of antioxidants to scavenge free radical species of phenolic derivatives and a high DE iso is indicative of high radical scavenging activity. 66, 67 A meaningful comparison, however, involves structures with similar central moiety which in this work corresponds to structure 2, 3 and 4. Table 4 reports the in vacuo
DE iso values among the studied eckol derivatives. The results show that 3 have the highest stability and 4 is slightly better stabilised than 2. These results indicate that the addition of a phloroglucinol unit (ring E) on the eckol moiety (structure 2) is preferable on ring A than on ring B. The positive DE iso for 3 suggests increased scavenging activity with respect to 2. Therefore both experimental findings and theoretical predictions confirm that structure 3 has the highest radical scavenging activities and that 4 is a slightly better radical scavenger than 2, which is in agreement with the general trend that the stability of radical species, and hence the radical scavenging activity, depends mainly on the number of hydroxyl phenolic groups in the molecule.
36,42e44 
The HAT mechanism and the BDE values
The role of the HAT mechanism in determining the free radical scavenging activity of the studied phloroglucinol derivatives is better understood by considering the OÀH BDE values. The BDE values, calculated for each phenolic OH of each of the four compounds, are also reported in Table 3 . A lower BDE indicates a greater tendency to donate H atom and therefore it corresponds to higher Fig. 3 . In vacuo B3LYP/6-31 þ G(d) optimised geometries for the neutral radical species of the isolated phloroglucinol derivatives. The conformers are arranged in order of increasing energy reported in Table 3. reactivity. 35 The results indicate that the BDE value of phloroglucinol (89.0 kcal/mol) is slightly higher than that of a phenol calculated in this work (87.7 kcal/mol) and reported in experimental findings (87.3 AE 1 and 88.2 AE 0.5). 68, 69 Since phenol is considered a reference compound for understanding the radical scavenging activity of polyphenolic derivatives (ArOH), the results suggest that the scavenging activity of phloroglucinol through the HAT mechanism is minimal.
The BDE values for 2 and 4 indicate that the 7-OH, with the lowest BDE value, is the most reactive site (i.e., the site with the greatest ability to donate H atom) and 3 0 -OH, with the highest BDE value, has the least ability to donate H atom; the BDE values for 3 indicate the importance of the 4-OH (in the lowest energy radical species) as H atom donor. A comparison of the BDE values across structures suggests that phlorotannins derivatives have better radical scavenging activity than phenol (i.e., they have lower BDE value than phenol) and that the ability to transfer the H atom from the phenolic OH increases in the order 2 > 4 > 3. The results suggest that structures 2 and 4 preferably scavenge radical species through the HAT mechanism. Both 4 and 2 have lower BDE values than 3 because they have a free phenolic OH attached to ring A (i.e., O 7 H 7 ), which on abstracting an H atom from it gives radical species whose unpaired electron is distributed throughout rings A, B and D (Fig. 4) , indicating greater delocalization of the unpaired electron. The delocalization of the unpaired electron accounts for the stabilisation of the radical species. Structure 3, which has a phloroglucinol moiety at C 7 , does not have a free phenolic OH group from which an abstraction of H atom results in extended delocalization (i.e., beyond the ring on which the H atom is abstracted), and as a result it has higher BDE values than both 2 and 4.
The BDE values of all the studied phloroglucinol derivatives are also lower than the BDE value of phenol (calculated in this work), indicating that in all the media, phlorotannins have the ability to scavenge radical species. The trend in the BDE values across structures is different in different media which emphasizes the role of the solvent in stabilising the radical species; the smallest BDE value, for each structure, often corresponds to the lowest-energy radical species.
The BDE values of each OH group of the four phlorotannins were compared with the BDE value of DPPH-H to provide an indication of the reactivity with stable DPPH radical species. The BDE value of DPPH-H species is calculated in this work to be 82.324 kcal/mol (experimental value ¼ 80 kcal/mol). 69, 70 The results therefore suggest that all phlorotannins have higher BDE values than DPPH-H, suggesting that reaction equation 1 is not expected to be thermodynamically favourable.
The ET mechanism and the IP values
The adiabatic IP values provide information for understanding possibility of the compounds to scavenge free radicals through the electron transfer mechanism. The IP values for the studied phlorotannins are reported in Table 5 . The results indicate that all phloroglucinol derivatives have lower IP values than phenol suggesting that they have the ability to scavenge radical species through the ET mechanism. The scavenging of DPPH radical species by phlorotannins through the ET mechanism was also investigated by determining the IP value for the DPPH-H and comparing it with IP values of the studied phlorotannins. The in vacuo IP value for DPPH-H was calculated to be 168.465 kcal/mol, indicating that the IP values of phlorotannins (i.e., eckol (2), 7-phloroeckol (3) and 2-phloroeckol (4)) are smaller than that of DPPH-H; as a result, reaction equation 3 is expected to be thermodynamically favourable. This means that phlorotannins have high reactivity (i.e., through the ET mechanism) towards scavenging the stable DPPH radical species.
Conclusion
The experimental and quantum chemical studies on the antioxidant radical scavenging properties of phlorotannin derivatives performed provide an explanation for the differences in the radical scavenging activity of the isolated compounds. The isolates from the brown algae, E. maxima which were fully characterized are; phloroglucinol (1), eckol (2), 7-phloroeckol (3) and 2-phloroeckol (4). The antioxidant radical scavenging activity following the assays was in the order 1 < 2 < 4 < 3. Compound 3 was found to exert significant inhibitory effect compared to the commercial antioxidant, ascorbic acid, indicating that 3 could be a good candidate for food, cosmetic and pharmaceutical applications.
Theoretical studies on the neutral and radical species of the studied compounds helped to identify the preferred geometries of the species and also the factors influencing the values of the BDE, which determines the hydrogen atom transfer mechanism, and the values of adiabatic IP, that determines the electron transfer mechanism. The stabilisation energy (DE iso ) was also investigated and it provided information on the ability of antioxidants to scavenge free radical species of phenolic derivatives.
The conformational studies indicate that the lowest-energy conformer of 2, 3 and 4 are stabilised by intramolecular hydrogen bonds and electron delocalization throughout the rings. Compound 3 has high stability than its structural isomer 4, mainly because it has an additional intramolecular hydrogen bond. The preferred neutral radical species for each eckol derivative is one in which the number of intramolecular hydrogen bonds is maximum and the delocalization of the single electron is highest.
The DE iso for the eckol derivatives predicts that the radical scavenging activity follows the order 2 < 4 < 3, which is in agreement with our experimental findings. These results agree with the general trend that the higher the number of phenolic OH, the greater is the radical scavenging activity.
The BDE values suggest that 2 and 4 may preferentially scavenge radical species through the HAT mechanism. The IP values suggest a The stabilisation energy is estimated as the energy difference between the lowest-energy conformer of the neutral species and neutral radical species for a given phlorotannin derivative and expressed as relative energy with respect to compound 2. that all the compounds are capable of scavenging free radical species through the ET mechanism. Moreover, the ability of phlorotannins to scavenge free radical species (such as the stable DPPH radical investigated in this work), has shown that the scavenging activity is preferably through the ET than HAT mechanism. Overall, the results suggest that the position of substitution of phloroglucinol unit on eckol (2) play a significant role in determining the radical scavenging ability of the resulting eckol derivatives. Compound 3 which has the phloroglucinol unit substituted on a different ring from the unit on ring B of eckol (2), has much higher radical scavenging activity than compound 4, whose phloroglucinol unit is substituted on the same ring like the one on ring B of eckol (2).
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